I. INTRODUCTION
A lGaN-GaN heterostructure field effect transistors (HFETs) have demonstrated device characteristics, which make them excellent candidates for high-power, high-frequency, and high-temperature applications [1] . Some preliminary results have also shown that these devices exhibit low microwave noise figures [2] - [4] . A large conduction band offset at the AlGaN-GaN interface and strain-induced charge result in very high sheet carrier concentration, which is higher than is practically achievable in high electron mobility transistors (HEMTs) in other materials. In the early stage, investigations on GaN-based HEMTs mainly focused on AlGaN-GaN with low Al fraction (typically in the range of 15 25%). A higher Al mole fraction in AlGaN barrier layer results in a higher bandgap and a larger conduction band discontinuity which results in better carrier confinement at the interface of AlGaN and GaN, allowing high mobility to coexist with a large carrier density [5] .
In the last few years, results of AlGaN-GaN HFETs with high aluminum concentrations (30% or higher) were reported [5] - [7] . It is important to investigate systematically the dependence of AlGaN-GaN HFET performance on the Al concentration in the AlGaN barrier layer. In this paper, we report our results on ohmic contacts, DC, RF, and microwave noise characteristics of AlGaN-GaN HFETs on sapphire substrates for different Al mole fractions in the barrier layer.
II. DEVICE LAYER STRUCTURE
AlGaN-GaN heterostructures were grown by metal-organic vapor phase epitaxy (MOVPE) on sapphire substrates. The epilayers consist of an AlN nucleation layer, 2-m GaN and 25-nm undoped AlGaN with different Al concentrations of 20, 27, 35%, respectively. Electrical qualities of these layers were investigated by Hall measurements at room temperature and 77 K. The sheet carrier concentrations and electron mobilities of these layers are shown in Table I . At room temperature, the sheet carrier concentration increases from 6.2 10 cm to 1. 3 10 cm with increasing Al concentration. For the layer with 35% aluminum, it is observed that a high electron mobility of 1330 cm Vs is exhibited, which indicates high material quality and significant potentials for high-power and high-speed applications.
III. OHMIC CONTACT OPTIMIZATION AND DEVICE FABRICATION
Temperature-time dependences of ohmic contacts in AlGaNGaN layers have been studied intensively [8] , [9] . In this paper, conventional transmission line model (TLM) method was used to optimize the ohmic annealing process on the AlGaN- ohmic contact optimization was investigated using an inductively coupled-plasma reactive ion etcher (ICP-RIE) for isolation and rapid thermal annealing (RTA) at different temperatures and annealing time. Fig. 1 shows the current-voltage (I-V) characteristics of 100 m strips with 2.6 m spacing, which is determined using scanning electron microscopy after annealing. The samples were annealed at 800 C for 30 s. The saturation current increases with Al mole fraction because of higher sheet carrier concentration, which is a result of better confinement and enhanced piezoelectric effects. Fig. 2 shows ohmic contact resistances ( ) obtained after annealing at different temperatures. The annealing time was 30 s. The results show that the optimal annealing temperature is between 750 and 800 C and it decreased slightly with the increase of Al mole fraction. Variations in , shown by error bars in Fig. 2 , are higher for samples with 20 or 27% Al concentrations annealed at higher annealing temperatures because of poorer ohmic edge definition caused by lateral diffusion. For samples with 35% Al mole fraction in AlGaN, the variations are higher too at low annealing temperatures because of the low diffusion rate. At a fixed annealing temperature (800 C), the data as a function of annealing time are shown in Fig. 3 . Clearly, the ohmic resistances increased dramatically when the annealing time exceeded 45 s for all sam- Field effect transistors with a gate length of 0.25 m were fabricated on all three materials. Mesa etching was performed in a Cl plasma using an ICP-RIE system. Ohmic contacts were then formed by Ti-Al-Ti-Au evaporation and RTA at optimized temperatures and time. Low contact resistances with values of 0.2, 0.26, and 0.33 mm were obtained for HFET device samples with Al concentrations of 20, 27, 35%, respectively. Ni-Au mushroom-shaped gates were fabricated using electron beam lithography with a trilayer resist system. The devices had a gate width of 100 m and a source-drain spacing of 3 m.
IV. DEVICE PERFORMANCE AND DISCUSSION

A. DC and RF Characteristics
On-wafer dc performances were performed using an HP4142 semiconductor parameter analyzer. Fig. 4 shows the I-V characteristics of a typical Al Ga N GaN HFET. The gate was biased from 1 to 5 V in a step of 1 V. The device exhibited high current drive capability and good pinch-off characteristics. The maximum drain current was 905 mA/mm at a gate bias of 1 V and a drain bias of 6 V. The device pinched-off at V. The knee voltage was less than 3 V at gate-biases up to 1 V, which is attributed to the excellent ohmic contact. At gate biases of 1 and 0 V, current drops were observed starting at V, caused by the selfheating effect because of the poor thermal conductivity of sapphire substrate. The dc transfer characteristics at a drain bias of 6 V are shown in Fig. 5 . A peak extrinsic transconductance ( ) of 210 mS/mm was measured at V and V. By defining the threshold voltage ( ) as the gate bias intercept of the extrapolation of at the point of peak , the of the device was determined to be 4.3 V. The extrinsic transconductances ( ), and drain current at V ( ) of 0.25 m AlGaN-GaN HFETs with different mole fractions are listed in Table II . For Al concentrations of 20, 27, and 35%, the devices exhibited of 398, 566, 784 mA/mm, respectively, proportionally increased with sheet concentrations and Al concentrations as demonstrated by Hall measurement results. The extrinsic transconductances are 143, 152, and 209 mS/mm for devices with Al concentrations of 20, 27, and 35%, respectively. All devices exhibited low gate leakage current, with a typical value of 2.5 A at V and V. For microwave characteristics, on-wafer measurements of S-parameters from 1 to 35 GHz using a Cascade Microtech Probe and an HP8510B Network Analyzer were used to determine unity current gain cutoff frequencies ( ) and maximum oscillation frequencies ( ) of the devices. The devices were deembedded from the effect of pad parasitics by the conventional Y-parameter subtraction. The current gain ( ) and the maximum stable gain (MSG)/maximum available gain (MAG) data of a typical AlGaN-GaN HEMT with an Al mole fraction of 35% are plotted against frequency in Fig. 6 . and values were obtained by the extrapolation of and MSG/MAG using a 20 dB/decade slope. At a drain bias of 8 V and a gate bias of 2.9 V, the device exhibited an of 50 GHz and an of 101 GHz. For comparison, and data of devices with different Al mole fraction are shown 
B. Microwave Noise Characteristics
High-frequency noise performance of the devices were measured using an ATN NP5 noise parameter test set in conjunction with an HP8570B noise figure meter, an HP8971B noise figure test set and an HP8510B Network Analyzer over 2 to 18 GHz frequency range. After the system was calibrated, the uncertainties in the minimum noise figure ( ) and the associated power gain ( ) for standard "through" passive structures were first measured to check the calibration. Repeated measurements for the same structure showed that the uncertainties of and from 4 GHz to 18 GHz are less than 0.1 dB. Fig. 7(a To analyze the measured NF data, some device parameters were measured and calculated, which are summarized in Table II. In Table II, is the sheet resistance, determined by Hall measurements.
is the ohmic contact resistance. The source access resistance where is the source-to-gate distance and is the gate width. Considering the gate as a transmission line driven from one end and open at the other, the gate resistance is given by [10] , where is the end-to-end resistance of gate metallization, measured using a process monitoring pattern.
is the optimum drain current for minimum noise figure. The intrinsic transconductance, , is calculated by , where is the extrinsic transconductance. The Fukui equation provides a useful semiempirical expression for estimating the room temperature minimum noise figure of GaAs MESFETs [11] . A previous report on analysis of high-frequency noise performance of GaN HEMTs used the Fukui equation for estimating the noise figure under some assumptions of unknown values of and [12] . The Fukui equation is given by dB (1) where is the Fukui constant, an empirical fitting factor. In this Fukui model, the gate noise source and feedback capacitance are neglected. For short gate-length transistors, according to Delegebeaudeauf et al., the Fukui fitting factor can be approximated by [13] (2) where is the optimum drain current for minimum noise operating points and the critical field of an idealized relationship. Calculated of GaN HEMTs investigated in this paper using (2), shown in Table II , are much lower than the data by fitting the measured data to (1) . As a result, the minimum noise figure estimated by using (1) and (2) are lower than the measured data, shown in Fig. 7 and Table II . In the calculations, the value of the critical velocity field was 15 10 V/m, for a maximum peak velocity of 3.2 10 m/s at 300 K, calculated using Monte Carlo simulations [14] . The disagreement between experimental data and calculated noise figure using (1) and (2) is attributed to the fact that the relative typical optimal current for minimum noise figure operation is lower compared to GaAs MESFETs and HEMTs. Our previous results showed that the typical optimal current of GaN HEMTs on SiC is about 10% of [4] , which is about the half of the value of a typical GaAs MESFET or HEMT. In this study, the optimal current for minimum noise operation of AlGaN-GaN HFETs on sapphire substrates are even lower, only 53 mA/mm for devices with 35% aluminum concentration, which is less than 7% of . On the other hand, the product of and of GaN devices is larger than that of GaAs devices. As a result, the noise figure calculated by (1) and (2) generally underestimate the minimum noise figure of GaN transistors, as shown in Fig. 7 .
From the above discussion, perhaps it is important to consider the influence of the gate noise and the correlation coefficient. Neglecting the influence of , the calculation of can be carried out analytically [15] dB (3) where and are fitting factors. is relative to the correlation coefficient between drain noise source and gate noise source, biasing conditions and device parameters. In this expression, if , the noise figure is no longer close to 0 dB if the gate noise is taken into account and the device can be characterized by an intrinsic noise figure dB.
By using a least square fit to the measured , the values of and are determined to be 1.48 and 0.45, respectively. The solid line in Fig. 7(a) , , is the least square fit to (3) . The intrinsic noise figure , shown in Fig. 7(a) , is calculated using (4). The important contribution of the intrinsic noise figure to the extrinsic noise figure should be pointed out. Indeed, the intrinsic noise of these AlGaN-GaN FETs plays a prominent part in the noise behavior. To confirm the validity of expression (3) and values of and , both the extrinsic and intrinsic noise figure have been calculated for AlGaN-GaN HFETs with different Al mole fractions described in Table II. The measured  and calculated as a function of frequency for devices with 27 and 20% Al fractions are shown in Fig. 7(b) and (c), respectively. In the calculations, the initial value of was set to be 0.42 in each case [15] . 
